Transgenic mice with lymphoid-restricted overexpression of the double bromodomain protein bromodomain-containing 2 (Brd2) develop splenic B-cell lymphoma and, upon transplantation, B-cell leukemia with leukemic infiltrates in liver and lung. Brd2 is a nuclear-localized transcription factor kinase that is most closely related to TATA box binding protein-associated factor, 250 kDa (TAF II 250) and the Drosophila developmental protein female sterile homeotic. Constitutive expression of BRD2 in the lymphoid compartment increases cyclin A transcription, "priming" transgenic B cells for proliferation. Mice stochastically develop an aggressive B-cell lymphoma with the features of B-1 cells, including CD5 and surface IgM expression. The B-cell lymphoma is monoclonal for immunoglobulin gene rearrangement and is phenotypically stable. The lymphoblasts are very large and express a transcriptome that is similar to human non-Hodgkin lymphomas. Both a wild-type BRD2 transgene and a kinase-null point mutant drive lymphomagenesis; therefore we propose that, rather than kinase activity, Brd2-mediated recruitment of E2 promoter binding factors (E2Fs) and a specific histone acetyltransferase to the cyclin A promoter by both types of transgene is a mechanistic basis for neoplasia. This report is the first to describe a transgenic mouse model for constitutive expression of a protein with more than one bromodomain.
Introduction
Proper transcriptional control of the cell cycle is necessary to avoid errors that can lead to neoplastic transformation. Bromodomaincontaining proteins [1] [2] [3] recently garnered attention for their roles as transcriptional regulators and their links to chromatin-modifying activities. The bromodomain motif [4] [5] [6] is found in proteins with intrinsic histone acetyltransferase (HAT) activity, [7] [8] [9] such as CREB (cyclic adenosine monophosphate [cAMP]-response element binding protein) binding protein (CBP), Gcn5, and TAF II 250; in protein adapters that associate with HAT-containing multiprotein complexes, such as polybromo 10 ; in certain transcription factors, 11 such as suppressor of Ty 7 (Spt7); or in chromatin remodeling machines, such as switch 2/sucrose nonfermenting 2 (Swi2/Snf2) and brahma. 12 Bromodomain proteins bind ⑀-aminoacetyl-lysines of core histones, at least in the case of p300/CBP-associated factor (p/CAF), facilitating changes in nucleosome structure. 13 The bromodomain/ extraterminal domain (BET) protein family, defined by aminoterminal bromodomains and an "extraterminal domain," 14 includes (formerly 15 RING3 [really interesting new gene 3]) and female sterile homeotic. 16 These transcriptional regulators contain 2 mutually related bromodomains that are most similar in primary sequence to the bromodomain of CBP, yet in overall structural organization most similar to TATA box binding protein-associated factor, 250 kDa (TAF II 250), which has 2 bromodomains. 14 The yeast BET protein bromodomain factor 1 (Bdf1) binds acetylated nucleosomal lysines 17, 18 and combines with yeast TATA box binding protein-associated factor, 145 kDa (yTaf145) to perform a function similar to TAF II 250 in mammals. 19 Recent studies implicated bromodomain proteins in multiple transcriptional regulatory systems, including those that control the cell cycle, [20] [21] [22] generating interest in their role in carcinogenesis. 23, 24 Human leukemic cell lines or primary leukemic blasts have high levels of bromodomain-containing 2 (Brd2) autophosphorylation and substrate-directed phosphorylation activity, unlike normal lymphocytes. 25 We hypothesized a functional link between the increased kinase activity and oncogenic transformation, particularly because mitogenic signals increase autophosphorylation [25] [26] [27] and induce nuclear translocation. 28 Nuclear-localized Brd2 or Brd2-like proteins participate in multiprotein transcription complexes, such as murine mediator, where Brd2 associates with proteins homologous to yeast transcriptional repressors suppressor of RNA polymerase B 7 (Srb7) and required for glucose repression in yeast 1 (Rgr1), and coactivator RNA polymerase transcriptional regulation mediator subunit 7 (Med7), consistent with the contention that Brd2 provides a transcriptional end point for mitogenic signaling. 29 Synergistically with oncogenic ras 30 or ras effectors, overexpressed Brd2 forms foci in monolayers of NIH/3T3 cells and transactivates reporter constructs of the promoters of the E2 promoter binding factor (E2F)-regulated cell cycle genes cyclin D1, cyclin E, cyclin A, and dihydrofolate reductase. 30 Endogenous Brd2 participates in E2F-containing nuclear complexes. 30 A kinaseinactive point mutant of Brd2 does not transactivate synergistically with constitutively active mitogen-activated kinase kinase kinase 1 (MEKK), a ras effector, but wild-type does 30 ; however, both forms transactivate synergistically with oncogenic ras (G.V.D., unpublished data, December 2002). These results likely mean that both kinase-dependent and independent ras pathways are involved in Brd2 transactivation. Ectopically expressed Brd2 transactivates endogenous cyclin A and accelerates the G 1 3 S transition (A.S., G.V.D., unpublished data, May 2003), providing a mechanism for its observed transforming properties.
A logical next step was developing a transgenic mouse model, wherein constitutive overexpression of recombinant Brd2 would be predicted to deregulate the cell cycle and lead to transformation. We used a murine immunoglobulin (Ig) heavy-chain promoterenhancer construct pIgTE/N to express BRD2 cDNA in the lymphoid compartment (E-BRD2; transgenic [Tg]), or the same vector incorporating a kinase-inactive point mutant (E-BRD2 K574A ; Tg mut ), to test the hypothesis that kinase activity is linked to oncogenesis. The E system has been used successfully to express myc in the B lineage to produce B-cell 31 and pre-B-cell 32 lymphomas and the ␣ subunit of casein kinase II in the T lineage to produce thymomas. 33 Malignancies arise stochastically in these models and in E-BRD2 mice: transgene expression is elevated in B cells but not T cells or other tissues; they sporadically develop a B-cell lymphoma. The malignancy is monoclonal, transplantable, and phenotypically uniform, bearing many of the hallmarks of B-1 cells. 34 Both Tg and Tg mut mice develop the same disease but littermate controls do not. This result suggests that intrinsic kinase activity of Brd2 is not required for oncogenesis in this system and evinces that BRD2 has oncogenic properties in vivo.
Materials and methods

Molecular cloning
A consensus Kozak sequence was engineered into the 2.28-kilobase (kb) human Brd2 cDNA with Vent DNA Polymerase (New England Biolabs, Beverly, MA). The cDNA was cloned into the XhoI site of pIgTE/N and propagated in Escherichia coli STBL2 (Invitrogen Life Technologies, Carlsbad, CA). Restriction analysis and DNA sequencing verified the Tg construct. A Tg construct harboring a point mutation of catalytic lysine 574 to alanine 25 was generated simultaneously (Tg mut ). A 5.22-kb SalI/MluI fragment containing the E enhancer and simian virus 40 (SV40) poly A was purified and injected into FVB oocytes.
Construction of transgenic mice and genotyping
Southern blotting and polymerase chain reaction (PCR) analysis of tail DNA identified founders. A primer set distinguished between endogenous and transgenic DNA (5Ј-CAAGAGCTGGTAGTGACCATCCCT-3Ј and 5ЈAGGAGGGCTAGCTGGAGAACCAGGAGC-3Ј). Taq DNA Polymerase (Invitrogen Life Technologies) amplified the templates in 2.0 mM Mg 2ϩ for 35 cycles at a melting temperature of 94°C (t m ; 30 seconds), an annealing temperature of 68°C (t a ; 30 s), and an extension temperature of 72°C (t e ; 1 minute). Three Tg founders and 10 Tg mut founders were obtained; breeding lines were culled to 2 Tg and 2 Tg mut lines, based on transgene passage and mRNA expression.
Expression analysis
Anti-CD45R (B220) or anti-CD3 magnetic beads (Miltenyi Biotec, Auburn, CA) positively selected B or T cells, respectively, from spleens, in phosphate-buffered saline (PBS) supplemented with 2 mM ethylenediaminetetraacetic acid (EDTA) and 0.5% bovine serum albumin. RNA was isolated from purified B and T cells or other tissues by guanidine denaturation, resolved, blotted, and detected with a BRD2 probe in ExpressHyb (BD Biosciences, Palo Alto, CA). To detect cyclin A, transgene, or Ig gene expression, RNA was reverse-transcribed with random hexamer primers using ImProm-II reverse transcriptase (RT; Promega, Madison, WI) and amplified with PCR. The cyclin A gene was amplified with Taq DNA Polymerase (Invitrogen Life Technologies) using primers 5Ј-TGAAGGCCGGGAACGTGCGTGGACCCGCGC-3Ј, 5Ј-CTTCTC-CCACCTCAACCAGCCAGTCCACAA-3Ј; and 5Ј-CTCTGGGATTA-AAGGTATGTACCACAATGCACT-3Ј, 5Ј-TGGTCGCTGGGTGGCGC-CTAGGCAGGAGCG-3Ј in 2.5 mM Mg 2ϩ for 40 cycles at 95°C (t m ; 1 min), 55°C (t a ; 1 min), and 72°C (t e ; 1.5 min). The BRD2 transgene was amplified with forward primer 5Ј-CTCGAGGCCGCCGCCATGGCTTCG-GTG-3Ј and reverse primer 5Ј-AGTACCCATGTCCATAGGCTG-3Ј in 2.0 mM Mg 2ϩ for 35 cycles at 94°C (t m ; 30 s), 68°C (t a ; 30 s), and 72°C (t e ; 1 min). Ig gene cDNA templates were amplified with 3Ј primers to constant regions of expressed Ig genes and degenerate 5Ј primers to variable regions. 35 Engineered EcoRI sites permitted cloning and sequencing. Primers were 3ЈC , 5Ј-CCCGAATTCGCTCTCGCAGGAGAC-3Ј; 3ЈC , 5Ј-CCCGAATTCTA-ACTGCTCACTGGA-3Ј; 5ЈV H 1, 5Ј-CCCGAATTCGAGGTGAAGCTGGT-GGAG A / T C A / T GG-3Ј; 5ЈV H 2, 5Ј-CCCGAATTCCAGGTCCAGTTGCAG-CAG A / T C A / T GG-3Ј; 5ЈV 1, 5Ј-CCCGAATTCGATATTGTGATGAC A /T / CCAG-3Ј; 5ЈV 2, 5Ј-GCGGAATTCCATATTGTTCTGACCCAGTCTCC-3Ј and were used in pairs to amplify expressed Ig gene chains in 2.5 mM Mg 2ϩ for 30 cycles at 95°C (t m ; 1 min), 55°C (t a ; 1 min), and 72°C (t e ; 2 min). PCR products were resolved in ethidium bromide and DNA fluorescence was measured. If the gene product was derived from a polyclonal Ig gene, a smear was expected after gel separation, but if the Ig gene was monoclonal, a single band was expected. Single bands were isolated and cloned into a plasmid for cDNA expression pcDNA(I) (Amp) (Invitrogen Life Technologies) for sequencing.
To assess B-cell chronic lymphocytic leukemia lymphoma 6 (Bcl6), B-lymphocyte-induced maturation protein-1 (Blimp-1), or ␤2-microglobulin expression, cDNA was amplified with a real-time PCR detection system (BioRad, Richmond, CA) using primers 5Ј-GCAAC ATCTACTCGC-CCAAG-3Ј, 5Ј-CTTCTTCTTTGCTGGCTTTGTC-3Ј; and 5Ј-AAGAGGT-TATTGGCGTGGTAAG-3Ј, 5Ј-ACTTCCTGTTGGCATTCTTGG-3Ј; and 5Ј-CCCGCCTCACATTGAAATCC-3Ј, 5Ј-GCGTATGTATCAGTCTCA-GTGG-3Ј correspondingly for 40 cycles at 95°C (t m ; 0.5 min) and 62°C (t a/e ; 1 min).
Proliferation assays
B cells were isolated with B220 magnetic beads (Miltenyi Biotec); cultured in a 96-well plate in RPMI1640 ϩ 5% fetal bovine serum supplemented with glutamine, penicillin, and streptomycin; and stimulated for 48 hours with different concentrations of mitogens. Goat antimouse IgM F(ab') 2 antibody, -chain specific, was from Jackson ImmunoResearch (West Grove, PA) and rat antimouse CD40 was from BD Pharmingen (San Diego, CA). Proliferation was measured in quadruplicate by incorporation of [ 3 H] thymidine (New England Nuclear, Boston, MA).
Flow cytometry
Single cell suspensions were prepared from spleen, thymus, or lymph nodes in Hanks buffered salt solution (HBSS) after erythrocyte lysis and stained in PBS supplemented with 0.1% bovine serum albumin. Peritoneal washes were prepared with 5 mL of HBSS. Fluorescein isothiocyanate (FITC)-and phycoerythrin (PE)-coupled antibodies against mouse CD5, CD11b, CD19, CD49b, CD117, CD127, IgM, and Ly-6G for surface cytofluorimetric analyses were from eBioscience (San Diego, CA). Antibodies against CD4, CD5, CD8, CD9, CD11b, CD25, CD44, CD62L, CD69, B220, B7-1, B7-2, Syndecan-1, and rat isotype controls were from BD Pharmingen. Cell staining was performed in the presence of Fc receptor blocking antibody (clone 2.4G2; eBioscience), and cells were detected by flow cytometry with a FACSCalibur system and Cell Quest software (Becton Dickinson, San Jose, CA). Viability (Ͼ 99%) was determined by trypan blue. Cells were stained with CD19-FITC or B220-FITC antibodies and compared with PE-coupled antibodies for other antigens.
Histology
Tissue sections were fixed overnight in 10% formalin in PBS, preserved in 70% ethanol, mounted, and stained with hematoxylin and eosin (H&E) or anti-B220 antibody. Blood smears were stained with Wright-Giemsa (Fisher, Pittsburgh, PA).
Transplantation
FVB female mice (6 to 8 weeks old; Taconic Farms, Germantown, NY) were sublethally irradiated with 6 or 8 Gy from a 137 Cs gamma source and maintained on acidified water. For adoptive transfer experiments, irradiated mice were each injected subcutaneously with 1 ϫ 10 7 B cells positively selected from donor spleens by B220 magnetic beads. Mice were monitored for the development of lymphoma or leukemia and were killed at the first appearance of clinical symptoms, without undergoing unnecessary pain and suffering, in compliance with Federal and Institutional Animal Care and Use Committees (IACUC) requirements.
GeneChip analysis of transcriptomes
In accordance with standard Affymetrix (Santa Clara, CA) protocols, splenic B-cell RNA from lymphoma or control spleen was labeled and hybridized to a set of 3 arrays (Murine Genome MG-U74v2 arrays A, B, and C; Affymetrix). GeneChips were scanned; scans were quantified with Affymetrix Microarray Suite 5.0 software; normalization and analysis was performed in Microsoft Excel (Redmond, WA).
Results
Tg passage and expression
PCR analysis established heterozygous passage in Tg and Tg mut mice, which Southern blot confirmed (results not shown). Heterozygous male mice were mated with FVB females to propagate 4 independent lines; passage has been maintained through 6 generations. RT-PCR analysis of lymphoid and control tissues from Tg mice and littermate controls revealed greatly increased transcription of BRD2 in Tg spleen and negligible expression in thymus ( Figure 1A ). The underexposed image emphasizes comparison of non-Tg and Tg spleen. All tissues express an endogenous Brd2 message, apparent at longer exposures. This evidence shows that E drives transgene expression exceptionally well in B cells. E expression in T lineages has been reported, 33, 36, 37 although malignancies arise more frequently in B lineages. 31 To confirm Brestriction, we performed RT-PCR with B220-selected and CD3selected splenocytes ( Figure 1B) . A Tg-specific message was highly expressed in B220 ϩ Tg cells and low but detectable in CD3 ϩ Tg cells, about one tenth that of the B-cell level. However, Tg or Tg mut mice never develop T-cell lymphomas.
B-cell proliferation analysis
To explore whether Tg and Tg mut constructs confer the hypothesized proliferative advantage to B cells, we measured in vitro proliferative responses to anti-CD40 and anti-IgM stimulation. Purified splenic B cells from age-matched Tg, Tg mut , and littermate control mice (20 weeks; asymptomatic by visual inspection) responded to anti-CD40 and anti-IgM (10 g/mL). Control cells showed a maximal burst of proliferation at 24 hours and no more through 48 hours (Figure 2 ). Tg and Tg mut B cells proliferated at twice control levels at 24 hours and 3 times control through 48 hours. Tg and Tg mut B cells responded similarly and both underwent apoptosis in a few days. Without mitogens, Tg and Tg mut B cells did not proliferate (results not shown).
Incidence of lymphoma
All 4 founder lines of Tg and Tg mut mice sporadically developed clinical signs (ruffled fur, failure to nest, listlessness, hunched back, loss of appetite) after 28 weeks among PCR-positive littermates at approximately 10% annual incidence. Symptomatic mice were killed; spleen, thymus, liver, mesenteric lymph node, and bone marrow were examined. Splenomegaly was always apparent, accompanied by abdominal lymphadenopathy and leukemic infiltrations of liver and lung. To date, the numbers of Tg and Tg mut mice that sporadically developed lymphoma are 6 and 5, respectively, out of colonies of 38 and 59. The calculated 2 for this dataset is 0.61, below the 3.84 value for statistical significance (␣ ϭ 0.05). Therefore, Tg is not different from Tg mut if "lymphoma" is the dependent variable. Thus, kinase function per se is not important for lymphomagenesis. Another 10% of mice die annually of causes unrelated to lymphoma or leukemia.
Tg-and Tg mut -driven B-cell lymphomas exhibit B-1 characteristics
Flow cytometry was performed with unfractionated splenocytes from leukemic Tg and Tg mut mice and compared with littermate controls. Tg and Tg mut mice did not differ significantly. The vast majority of cells were B220 ϩ CD19 ϩ , with very few CD3 ϩ , CD4 ϩ , or CD8 ϩ cells. Note that there are very few B220 Ϫ cells among unfractionated lymphoma cells. B220 ϩ splenocytes expressed surface IgM, suggesting they are mature B cells, and CD5 ( Figure  3A row 1). The proportion of CD5 ϩ B220 ϩ cells in the control is higher than usually reported because of the particular isotype control antibody used to define flow cytometry parameters. B220 was compared with CD19 to confirm B-cell lineage. Both were consistently expressed in independently arising lymphomas. The pattern of CD5 or B7-1 versus B220 is very similar to versus CD19 (Figure 3 antigen-1 [Mac-1] and is expressed on granulocytes, natural killer [NK] cells, and macrophages) and Ly-6G (a myeloid marker) were both low ( Figure 3A row 3) , as was CD49b (an NK marker, results not shown), supporting the interpretation of lymphoid lineage. In addition, a number of markers for immature B cells were not detected, including CD117 (c-kit) and CD127 (interleukin-7 receptor ␣-chain; results not shown). Lymphoma cells were negative for CD25, syndecan-1, and CD69; positive for CD9; and showed a high IgM/low IgD ratio ( Figure 3A rows [4] [5] [6] . Collectively, these markers suggested that the lymphoma cells bear B-1 hallmarks. 34 Levels of B7-1 and B7-2 on splenic B cells were comparable in asymptomatic Tg and Tg mut mice as they aged (8 through 60 weeks, not shown) and similar to those in littermate controls. Expression patterns also held constant with age for T-cell markers in asymptomatic Tg and Tg mut mice such as CD4 versus CD8 in spleen and thymus and CD4 versus CD25, CD4 versus CD44, CD4 versus CD62L, and CD4 versus CD69 in spleen (results not shown). However, we observed increased CD5 versus B220, CD23 versus B220, CD11b versus B220, and IgM versus IgD markers among peritoneal cells of premalignant mice with no clinical signs or splenomegaly, compared with age-matched control mice, suggesting that peritoneal B-1 cells had expanded in the premalignant mice and supporting the B-1 origin of the lymphoma.
Histochemistry of splenic lymphoma and peripheral leukemia
Lymphoid organs of asymptomatic, heterozygous Tg, and Tg mut mice were compared with littermate controls with B220, CD3, and H&E stains and were normal. However, spleens of leukemic mice were enlarged between ϫ 5 and ϫ 50, splenic architecture was disrupted ( Figure 4A ; Tg, panel ii; Tg mut , panel iii), and invasive lymphoid populations showed numerous mitoses (Figure 4Av ; Tg). Bone marrow showed lymphocytic lymphoma (Figure 4Avi ; Tg). Elevated numbers of apoptotic cells were not observed.
Normal, syngeneic female mice were irradiated and received transplanted B cells purified from splenic lymphomas. Mice that received transplants developed leukemias and blood-clotting problems; peripheral blood contained large numbers of morphologically similar, large lymphoblasts ( Figure 4Bi ). The white blood count was 790 (Ϯ 40) ϫ 10 9 /L (7.9 [Ϯ 0.4] ϫ 10 5 /mm 3 ). The ratio of erythrocytes to lymphoblasts was 6.6 to 1. Leukemic blasts ( Figure  4Bii ) exhibited scant cytoplasm, cytoplasmic vacuolation, homotypic adhesion, and abundant chromocenters that reflect mixed heterochromatin and euchromatin states, indicating transcriptional activity ( Figure 4Biii ). Together, these histologic features suggest greatest similarity to the centroblastic variant of diffuse large B-cell lymphoma, following current convention for classifying murine lymphoid neoplasms. 38
Monoclonal immunoglobulin gene rearrangement
To determine whether the splenic B-cell neoplasm comprised a clonal or polyclonal population, total RNA from B220-selected cells was isolated for cDNA synthesis. Whereas normal littermate control spleens weighed 0.2 g and yielded approximately 300 g of total RNA, spleens from lymphoma mice weighed up to 10 g and yielded 30 mg total RNA. Expressed Ig sequences were amplified with 24-mer primers to the 3Ј constant region (3ЈC and 3ЈC ) and degenerate primers to the variable regions (5ЈV H and V ⌲ ) to determine if a specific Ig gene rearrangement, or none, predominates in the expanded B-cell population. 35 B220 ϩ splenocytes of a non-Tg littermate were the control group. B-cell lymphoma RNA gave a single RT-PCR product ( Figure 5A left) , but polyclonal B-cell RNA gave smears with each primer pair ( Figure 5A right) . In this particular lymphoma, an approximately 0.5-kb product arose only from the C V H 1 primer pair. Cloning and sequencing identified a GenBank entry for Mus musculus V23-D-J-C mRNA, accession no. AB069913. Three independent, monoclonal IgM ϩ , ϩ B-cell lymphomas have been sequenced to date, but the number of clones remains too small to determine if the transgene promotes the emergence of a particular clonotype. Premalignant mice without clinical signs or splenomegaly showed expansion of oligoclonal splenic B cells in the weeks before clonal malignancy emerged (results not shown). We determined Bcl6 expression using real-time PCR with a standard set of primers for cDNAs synthesized from RNA of purified splenic B-cell lymphoma cells of the first and sixth passage after transplantation (to assess stability of phenotype) and compared the result with Bcl6 expression in splenic B2 cells ( Figure 5B ). Bcl6 expression was low and remained unaltered over 6 months of serial transplantations, described in the next paragraph.
Transplantation
Malignant B cells were purified from Tg lymphoma and transplanted ( Figure 6 ). Radiation dose partly determined susceptibility to establishment of the lymphoma in the transplant recipient 39, 40 ; median survival time for mice that received transplants of 10 7 malignant B cells (DLCL) after irradiation with 6 Gy was 28 days (dotted line), whereas median survival time after irradiation with 8 Gy was 19 days (solid line). In all cases, autopsy confirmed that mice that received transplants died of complications from lymphoma, including massive splenomegaly, peripheral leukemia, internal hemorrhage, and leukemic infiltrates in liver and lung. Irradiated controls (6 Gy) that received B cells purified from an asymptomatic Tg donor survived beyond 60 days (long dashed line). Splenocytes from Tg leukemic donors and transplants were indistinguishable by flow cytometry, Ig gene rearrangement, in vivo growth characteristics, organ sites of leukemic infiltration, or morphology of peripheral blood lymphoblasts (results not shown), suggesting the characteristics of the B-cell lymphoma were stable, even after 6 serial transplantations. The lymphoma cannot be maintained in ordinary tissue culture, as the cells appear not to have undergone an immortalizing event that permits proliferation in media without B-cell mitogens (lipopolysaccharide, interleukin-4, or anti-CD40 ϩ anti-IgM). We have maintained individual lymphoma clones by serial transplantation into irradiated recipients.
Cyclin A expression
We examined cyclin A transcription in the malignant cells, based on our published model for Brd2-dependent transcriptional activation of the cyclin A locus, and on the cell cycle acceleration that we propose arises from E-BRD2 Tg expression 30 (A.S., G.V.D., unpublished data, May 2003). RT-PCR analysis of several independently arising splenic B-cell lymphomas in both Tg and Tg mut mice showed that, in all cases, cyclin A transcription was elevated in the primary malignant B cells (Figure 7 ; lymphoma lanes 1-2) and remained stably elevated in malignant splenic B cells isolated from each passage of mice that received serial transplants that had developed B-cell lymphoma and in all individuals that received transplants, all of which developed the same lymphoma and peripheral B-cell leukemia (Figure 7 ; lymphoma lanes 3-4, second passage, 2 representative recipients; lymphoma 5-6, fourth passage, 2 representative recipients). Cyclin A message was slightly elevated in B cells purified from asymptomatic Tg mice or Tg mut mice (Tg B cells) but barely detectable in T cells from Tg mice (Tg T cells). Tg mice with B-cell lymphoma had very few splenic T cells (Figure 3 ). This pattern of cyclin A expression may represent a premalignant marker.
The annual rate of 10% of sporadic Tg lymphoma suggests that an additional "hit" is required for tumorigenesis to progress. That second hit could be engineered various ways. We chose an amphotropic retrovirus system that expresses the H-ras oncogene. Tg B cells "primed" to proliferate are expected to be susceptible to cooperation with the activated ras gene. Lymphomagenesis was accelerated from several months to 4 weeks. Seven Tg and 7 non-Tg mice were injected intraperitoneally with either H-rasexpressing amphotropic retrovirus or neo-expressing retrovirus alone. After 4 weeks, Tg mice injected with the H-ras retrovirus developed severe splenomegaly; non-Tg mice injected with H-ras did not develop illness. Analysis of histopathology, flow cytometry of cell surface antigens, transplantability, and monoclonality of Ig gene rearrangements indicated a diagnosis of B-cell lymphoma indistinguishable from sporadic cases. We then performed Affymetrix GeneChip analysis with B-cell RNA purified from both sporadic and ras-accelerated splenic lymphomas. Controls were, respectively, splenic B cells purified from normal littermate controls and from apparently normal mice infected with neo retrovirus. The 3 mouse arrays A, B, and C permitted wholegenome analysis of the transcriptome of the Brd2-induced lymphomas, resulting in molecular signatures for malignancy that we compared with published databases of human lymphomas. Selected significant markers for named genes are shown in Table 1 .
In the Tg B-cell lymphoma, most transcriptional changes of greatest estimated significance were 50-to 100-fold decreases in mouse immune cell markers, mostly Ig gene -chain sequences (results not shown). Because the B-cell lymphomas are monoclonal, the transcriptomes show a marked decrease in the abundance of diverse Ig gene transcripts when compared with the polyclonal Ig gene transcripts found in the normal littermate B-cell controls. In analyses of the most significant fold changes, we excluded Ig gene sequences because of this trivial explanation. To a first approximation, the transcriptome indicates similarity to diffuse large B-cell lymphoma (DLCL) in humans, the most common type of non-Hodgkin lymphoma. 41 Histopathology supports this conclusion. The molecular signature of other B-cell phenotypes, such as resting or activated B cells in the periphery, B-cell follicular lymphoma, transformed B-cell lines, or B-cell chronic lymphocytic leukemia, are not characteristic of this B-cell lymphoma. 41 The sporadically arising Tg B-cell lymphomas ( Table 1 ; sporadically arising Tg B-cell lymphomas [SPORs]) and ras-accelerated lymphomas (RASs) shared a close but not identical molecular signature. Most fold changes of named marker genes identified in the literature as lymphoid biomarkers were changed in the same direction and often by a similar magnitude in sporadic and ras-accelerated Tg lymphomas. The Tg lymphoma transcriptional signature did not resemble signatures of human DLCL cases independently established through clinical measures to have a favorable or unfavorable prognosis 42 (results not shown). We did not observe a good correlation between the Tg lymphoma transcriptional signature and signatures 41, 42 of either germinal center-like or activated B-cell-like human DLCLs (Table 1 ).
Discussion
We designed transgenic mice to test our hypothesis that constitutive expression of BRD2 in the lymphoid compartment would cause lymphoproliferative disease. We based this hypothesis on substantial in vitro evidence that ectopic overexpression of Brd2 transactivates E2F-regulated cell cycle genes such as cyclin D1, cyclin E, cyclin A, and dihydrofolate reductase in synergy with oncogenic ras 30 and that Brd2 participates in transcription complexes that contain a histone H4-specific HAT activity and E2F proteins. Furthermore, Brd2 responds to mitogenic signals; when overexpressed, it transforms NIH/3T3 fibroblasts in synergy with ras and accelerates the G 1 3 S transition through direct action on the cyclin A promoter. Double bromodomain proteins such as Brd2 have been insufficiently studied. The occurrence of a B-cell lymphoma in these transgenic mice now establishes a link between this class of proteins and neoplasia.
Considerable effort has been expended recently to explore the possible functions of the bromodomain motif in nuclear factors associated with transcription and chromatin restructuring. 4 The subject has been controversial because sometimes deletion of the motif has no phenotype. 6 Virtually all of the nuclear HATs contain bromodomains, but not all bromodomain proteins are HATs. 6 The solution of the bromodomain structure and interaction with nucleosomal histone acetyl-lysines 3,13 has clarified the matter. Recent studies suggest that bromodomain-containing proteins provide a "scaffolding" or platform function for transcription or chromatin remodeling complexes, anchoring them to nucleosomes. 1, 2, 23, 24 Furthermore, oncogenic fusion proteins that contain bromodomains participate in neoplasia, such as the BET protein 14 Brd4 (also called 22 mitotic chromosome-associated protein [MCAP]), which contains 1400 amino acids and is closely related to Brd2, sharing its dual bromodomain and extraterminal (ET) domain structure. 14 BRD4 is rearranged in t(15;19) translocations associated with aggressive carcinomas of the respiratory tract and its fusion 
Most significant changes in gene expression profile of named genes in lymphoma compared with control. About one third of the genome (12000 genes) was significantly expressed. Given the preliminary estimate of variance, about 35% of these were differentially expressed. Comparisons are made to entries in the online databases of Alizadeh et al 41 and Shipp et al. 42 DLCL indicates diffuse large B-cell lymphoma; SPOR, sporadic Tg B-cell lymphoma; RAS, ras-accelerated Tg B-cell lymphoma; GC, germinal center-like lymphoma 41, 42 ; AB, activated peripheral B-cell-like lymphoma 41, 42 ; FL, B-cell follicular lymphoma 41, 42 ; AT, activated/resting T cell 41 ; TC, transformed cell lines 41 ; RPB, resting peripheral B cell 41 ; CLL, B-cell chronic lymphocytic leukemia 41 ; ϩ, small increase; ϩϩ, large increase; Ϫ, small decrease; ϪϪ, large decrease; and o, no report, no significant change, or no consistent change within a subclass.
Gene entries (mouse gene abbreviation/human homolog, name): Bcl2/BCL2 indicates B-cell leukemia/lymphoma 2; Bcl6/BCL6, B-cell leukemia/lymphoma 6; Casp1/CASP1, caspase-1; Ccna1/CCNA1, cyclin A1; CCnb1/CCNB1, cyclin B1; Ccne2/CCNE2, cyclin E2; Cd3d/CD3D, CD3 antigen, ␦ polypeptide; Cd3e/CD3E, CD3 antigen, polypeptide; Cd38/CD38, CD38 antigen; Cd44/CD44, CD44 antigen; Cdk5/CDK5, cyclin-dependent kinase 5; Ches1/CHES1, checkpoint suppressor 1; Fos/FOS, FBJ osteosarcoma oncogene/v-fos FBJ murine osteosarcoma viral oncogene homolog; Prkcb/PRKCB1, protein kinase C␤; Rara/RARA, retinoic acid receptor ␣, Rb1/RB1, retinoblastoma protein; Spib/SPIB, Spi-B transcription factor (Spi-1/PU.1 related); Tcrb/TCRB, T-cell receptor ␤ chain; Tubb1/TUBB1, tubulin ␤1; Vegfa/VEGF, vascular endothelial growth factor A.
Most significant fold-changes are compared with Shipp et al. 42 Figure 5 (DLCL with GC-like vs AB-like signature) and Alizadeh et al. 41 Figure 1 partners likely encode oncoproteins. 43 Also, translocations that fuse the bromodomain and HAT domain of CBP to the mixed-lineage leukemia factor [44] [45] [46] [47] [48] (MLL; also called All-1) or to the monocytic leukemia zinc finger protein, 49 or that fuse p300 to MLL, create oncoproteins 50 that are associated with acute leukemias (reviewed in Filetici and Ballario 23 ). The bromodomain is required for full transforming activity in at least one of these cases. 47 Deletion of the Brd2 bromodomains destroys Brd2-dependent transcriptional activation of cyclin A (G.V.D., unpublished data, May 2003) and eliminates association of Brd2 with the multiprotein complex that contains a histone H4-specific HAT and E2F proteins.
Ectopic expression of Brd2 leads both to cell cycle destabilization and transformation in synergy with oncogenic ras or its effectors. 30 We hypothesized that E-directed expression of BRD2 in the lymphoid compartment would lead to leukemia or lymphoma, and we obtained this result. Malignant cells from enlarged spleens bear cell surface markers consistent with B-1 lineage. 34 This apparently differentiated phenotype remains constant after 6 serial transplantations, with respect to antigen expression in flow cytometry, Ig gene rearrangement, in vivo growth characteristics, elevated cyclin A transcription, organ sites of leukemic infiltration, and morphology. From these data we speculate that the malignant cells do not have a high degree of genetic instability or flexibility in their transcriptional profile. Transcriptome analysis over time will be necessary to confirm this supposition.
The Drosophila homolog of BRD2 is female sterile homeotic, 15, 51, 52 which encodes a homeotic protein and probable transcription regulator that is an upstream activator of the trithorax locus. 53 MLL, the human homolog of trithorax, is disrupted in mixed-lineage (myeloid and lymphoid) human leukemias associated with 11q23 translocations. 44, 45 The functional relationships established in Drosophila (between fsh and trithorax) may be conserved in humans (between Brd2 and MLL), as we hypothesized. 25 We therefore looked for a mixed-lineage leukemic phenotype in the mice that received leukemic transplants, but flow cytometry suggests that myeloid components are not present among the leukemic B cells.
We have proposed a mechanism for Brd2-driven transcriptional activation of important cell cycle regulatory genes. 30 Brd2 recruits both E2F proteins and HAT activity to the cyclin A gene in particular (A.S., G.V.D., unpublished data, May 2003). These results agree with literature that has established a dual role for E2F recruitment and chromatin restructuring in cyclin A transcriptional control. [54] [55] [56] Coimmunoprecipitate complexes of Brd2 contain a histone H4-specific HAT (A.S., G.V.D., unpublished data, May 2003). We speculate that a similar enzyme present in transgenic B cells provides crucial nucleosomal modification functions to Brd2 target genes. Several HATs capable of specific acetylation of histone H4 have been identified, including Tip60, implicated in leukemias. 57, 58 The composition of the multiprotein Brd2 complex 29, 30 may change across the cell cycle and contribute to cyclin A repression during G 0 or to transactivation during cell cycle progression. This model could explain why Tg and Tg mut mice share a similar in vitro proliferative ( Figure 2 ) and in vivo lymphoma phenotype ( Figure 4A ): apart from a point mutation in the kinase domain of the transgene of Tg mut mice, both lines overexpress the same Brd2 protein, probably involving the same HAT and E2F recruitment mechanism in both cases. This view implies that HAT and E2F recruitment is more important than kinase activity as an oncogenic mechanism in this model. The fine-structural characteristics of B-cell lymphomas may nevertheless be different between Tg and Tg mut mice. Microarray technology will elucidate the transcriptomes of the lymphomas in each breeding line. Reports of oncogenic bromodomain fusion proteins 23, 43, [46] [47] [48] [49] [50] lead us to speculate that HAT recruitment to key cell cycle regulatory genes, either via intrinsic HAT domains or via bromodomain protein-mediated "scaffolding," is important for cell cycle control. 1, 23, 24 Oncogenic fusion proteins or deregulated bromodomain protein function could upset the histone acetylation/ deacetylation balance of these genes and lead to their improper transactivation, with possible neoplastic consequences.
Ectopic overexpression of Brd2 transactivates a heterologous cyclin A promoter luciferase construct in synergy with mitogenic signals from ras or MEKK, an effector of ras, 59 and increases expression of endogenous cyclin A in synchronized fibroblasts that have been stimulated to enter the cell cycle; these cells show Brd2-driven accelerated kinetics of S-phase entry and mobilization of cyclin A-associated cdk activity (A.S., G.V.D., unpublished data, May 2003). Accordingly, we examined cyclin A transcription in B220 ϩ cells purified from several sporadically arising Tg B-cell lymphomas, compared with B220 ϩ cells from asymptomatic Tg controls. Cyclin A is under negative transcriptional control until S phase [54] [55] [56] and is frequently elevated in tumors 60 ; it is indeed transcriptionally activated in the Tg malignancy and slightly activated in B cells from asymptomatic Tg mice but not T cells. Therefore, the transgene destabilizes cyclin A in B cells as predicted.
The morphology, surface antigen phenotype, and transcriptome signature of E-BRD2-driven B-cell lymphomas suggest they are most related to human non-Hodgkin lymphomas of the DLCL type. 38, 41 BRD2 is not present in lymphoma databases we queried, 41, 42 so comparison of its level in lymphoid malignancies was not possible. We queried Cancer Genome Anatomy Project databases for evidence of transcriptional up-regulation of Brd2 message in human malignancies and found an increase of 4.2 fold (P ϭ .04) reported for 3 cancerous or precancerous lymph nodes compared with 4 normal lymph node controls. Furthermore, the Mitelman database (http://cgap.nci.nih.gov/chromosomes/ mitelman) of recurrent chromosomal abnormalities associated with cancer identifies 386 references and 546 patient hematologic malignancies involving breakpoints at 6p21, which includes the class II major histocompatibility complex wherein BRD2 is located, but only a small minority have received fine-structure mapping. Therefore, whereas some cases are likely to show breakpoints within the BRD2 locus, insufficient data exist to make generalizations about the role of BRD2 in the pathogenesis of human DLCL.
Human DLCLs exhibit a variety of genetic abnormalities. The most common is structural alteration of the BCL6 locus, 61 often resulting in deregulated Bcl6 activity. 62, 63 We determined that Bcl6 transcript levels are low in Tg B-cell lymphoma, consistent with the view that Bcl6 activation is more commonly associated with lymphoblastic lymphoma in mice 64 ; furthermore the Bcl6 locus is not normally mutated in mouse B-cell lineage lymphomas. 65 Unaltered Bcl6 transcript levels in Tg lymphoma are also consistent with the posited function of the Tg as a transcriptional coactivator and cell cycle regulator 30 ; no current evidence shows a role for BRD2 overexpression in genetic instability.
Human DLCL is thought to arise from germinal center B cells, or less commonly, from marginal zone B cells. However, our expression profile data indicate that the Tg B-cell malignancy does not obviously share a signature with any subclass of human DLCL, and flow cytometry analysis unambiguously identifies the Tg malignancy as composed of B-1 cells. A subclass of murine DLCL, which has neither follicular nor marginal zone origins, has been discussed 38 and seems appropriate to classify this Tg lymphoma. An ongoing theme in the lymphoma literature is the extreme diversity of DLCL. Expression profile data 41, 42 demonstrate that even among ostensible "biomarker" genes for specific subclasses of DLCL or clinical outcomes, remarkable variance exists across cases, as though each DLCL ought to be considered a completely unique neoplasm. Nevertheless, expression profiling with DNA microarrays remains the best method so far to link specific DLCLs with prognosis and most effective course of treatment. In addition, whereas splenic lymphoma cells inoculated subcutaneously into irradiated transplant recipients ( Figure 6 ) exhibit a stable splenic B-1 phenotype after several months of serial transplantations, intraperitoneal inoculation shifts the phenotype to peritoneal B-1 after only a few days (J.R.T., T.L.R., G.V.D., unpublished observations, June 2003), suggesting that environment partially determines the transcriptome. Previously profiled B lymphocytes were obtained from tonsils, peripheral blood, cord blood or lymph nodes, 41 or lymph nodes alone, 42 not from spleen as in our case, so both organ sites and species variation likely contributed to differences between databases and our profiles. Interestingly, cyclin A is elevated in several subclasses of DLCL but not in all cases 41 ; DLCL pathogenesis could conceivably follow multiple routes from initiation to malignancy. The early elevation of cyclin A transcription in Tg B cells (Figure 7 ) may represent a premalignant change. Inroads are just being made into understanding the transcriptional and coactivator functions of double bromodomain proteins such as Brd2. The Tg-dependent transcriptional up-regulation of cyclin A represents a novel pathway for B-cell proliferation and may represent a useful model for lymphomagenesis.
Like the E-BRD2 system, the well-known E-myc system causes B-lineage-restricted malignancies that are monoclonal for Ig gene rearrangement, resemble non-Hodgkin lymphomas, 66 and may exhibit a lengthy premalignant phase. 31 This latent period, beginning prenatally, during which the myc transgene is active throughout the entire B-lymphoid compartment, suggests that an additional genetic change is required to effect full malignant transformation. 31, 67 However, unlike E-myc mice, 31,66,67 the B-cell lymphomas of E-BRD2 mice comprise only mature B cells, despite E activity early in B-cell development and despite the TAF-like properties of Brd2. We propose that E-BRD2 acts at a specific, late stage of B-cell development, probably on the B-1 compartment, to promote the proliferation that gives rise to the DLCL presentation; we will investigate this system further. Weinberg and colleagues 68 originated a model of oncogenesis wherein cooperation between different oncogenes such as myc and ras greatly increases the frequency of neoplastic transformation; we observe analogous behavior here with ras acceleration of E-BRD2driven lymphomagenesis. It would be interesting to determine whether myc synergizes with Brd2 by mating E-myc mice with E-BRD2 mice. Deregulated recruitment of HATs to susceptible promoters may provide a common mechanism for myc-and Brd2-dependent tumorigenesis, as myc has been shown to recruit transformation transcription domain-associated protein (TRRAP)and Gcn5-associated HAT activities. 69, 70 TRRAP and Gcn5 also interact with E2F-1 and E2F-4 transactivation domains, 71 suggesting a model of transcriptional activation dependent on both specific promoter-bound transcriptional activators and recruited HATs to account for the oncogenic activity 72, 73 of myc and E2Fs, recapitulating the link between HATs and E2Fs that Brd2 provides.
Given the pleiotropic nature of similar bromodomain "scaffolds," coactivators, and TAFs, such as TAF II 250, improper activation of cyclin A is unlikely to be the sole consequence of deregulated Brd2 signaling. Other transcriptional targets are likely to exist; Brd2 may not act solely in S phase. We speculate that some of these targets include virally transactivated genes associated with neoplasia, because Brd2 interacts with the latent nuclear antigen of Kaposi sarcoma-associated herpesvirus 74 (HHV-8), which also targets E2F-regulated genes. 75 We expect future studies will illuminate the role of bromodomain proteins as a scaffold that recruits chromatin restructuring activities and transcription factors to the cyclin A promoter, not unlike studies in TAF II 105 dominantnegative transgenic mice, which have revealed interactions between transcription activators and TAFs that have consequences for nuclear factor B (NFB) signaling and survival in B and T cells. 76 Understanding how Brd2 functions in normal cells should provide insight into the origins and nature of B-cell lymphomas that are promoted by improper Brd2 signaling in B cells.
